Purpose 3,4-Methylenedioxypyrovalerone (3,4-MDPV) is a prevalent member of α-pyrrolidinophenones, a group of new psychoactive substances, known for its strong psychostimulant effect resulting from potent stimulation of dopamine (DA) circuitry in the brain. As 3,4-MDPV and its derivatives are successively being scheduled, each year novel analogs appear on the market. This study aimed at examination and direct comparison of psychostimulant properties of structural isomer of 3,4-MDPV, namely 2,3-MDPV along with a model α-pyrrolidinophenone, pyrovalerone. Methods Open field spontaneous locomotor activity of mice was assessed as a measure of psychostimulant potency. To evaluate the in vivo pharmacological properties of the drugs, extracellular levels of DA and serotonin (5-HT) in the mouse striatum were measured using an in vivo microdialysis technique followed by high-performance liquid chromatography with electrochemical detection. Involvement of dopaminergic system in the behavioral effects of the tested α-pyrrolidinophenones was examined by pre-treatment with a selective D 1 -DA receptor antagonist, SCH 23390, before measurement of locomotor activity in response to the drugs. Results 3,4-MDPV, 2,3-MDPV and pyrovalerone produced time-and dose-dependent stimulation of locomotor activity, with 3,4-MDPV being more potent than the other two compounds. Observed locomotor stimulation was mediated by elevated DA-ergic neurotransmission, as all compounds caused a significant increase of extracellular DA levels in the striatum, with 3,4-MDPV being the most potent, and psychostimulant effects were abolished by SCH 23390. Interestingly, the tested pyrovalerones caused in vivo elevation of extracellular 5-HT levels, which contrasted with their in vitro pharmacologic properties. Conclusions Pyrovalerone, 2,3-MDPV and 3,4-MDPV produced psychostimulant effects mediated by stimulation of dopaminergic neurotransmission. Additionally, all tested compounds elevated extracellular levels of 5-HT in vivo.
Introduction
The first decade of 2000s witnessed an emergence of new psychoactive substances (NPSs), followed by a rapid increase of their prevalence and constant introduction of new compounds into the clandestine market in subsequent years. One of the major groups of NPSs, both in terms of the number of identified substances and extent of their consumption, are psychostimulants, among which, synthetic derivatives of a naturally occurring alkaloid cathinone are of the greatest prominence [1] . Structurally, synthetic cathinones resemble United Nation-controlled drugs of abuse, such as amphetamine, methamphetamine and 3,4-methylenedioxymethamphetamine (MDMA), and act in a similar manner, by augmenting dopaminergic, norepinephrinergic, and in some cases, serotoninergic neurotransmission [2] [3] [4] .
3,4-Methylenedioxypyrovalerone (3,4-MDPV) is one of the most significant synthetic cathinones, and a precursor of the subgroup called pyrrolidinophenones (pyrovalerones), distinctive by the presence of a pyrrolidine ring in place of a primary or secondary amine [5] . At the molecular level, 3,4-MDPV acts as a non-substrate blocker of dopamine (DAT) and norepinephrine (NET) transporters, with no significant affinity at serotonin transporter (SERT). The compound selectively inhibits the re-uptake of the two catecholamines [3, 6, 7] , resulting in potent psychostimulant, methamphetamine-like effects, devoid of an empathogenic component typical to MDMA, and a high rewarding and reinforcing potential based on the increased dopaminergic neurotransmission in the nucleus accumbens [8, 9] .
Because of its high prevalence in human abusers, 3,4-MDPV has been extensively studied in behavioral animal models, mainly utilizing rats and mice. The drug has been found to increase spontaneous locomotor activity in rats and mice, an effect involving stimulation of D 1 -dopamine receptors. As in a case of other psychostimulants, acute effects of 3,4-MDPV administration are dose-dependent and follow an inverted U-shaped curve, meaning that low and medium doses induce increase of locomotion, while higher doses result in suppression of locomotor activity, mainly due to the occurrence of intense stereotypies, such as licking, gnawing, grooming, sniffing and self-injurious behaviors [6, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In line with the high ability to potentiate dopaminergic neurotransmission, 3,4-MDPV is endowed by rewarding and reinforcing properties, as it induces conditioned place preference [8, 14, 24, 25] , lowers thresholds for intracranial self-stimulation [23, 26] and is self-administered by rodents [9] [10] [11] . Moreover, 3,4-MDPV fully substitutes for cocaine and methamphetamine in rodents trained to discriminate these drugs from saline, which confirms its reinforcing effects and points to the similarity in the mechanisms of action between 3,4-MDPV and classic psychostimulants [17] . Intermittent administration of 3,4-MDPV in rodents leads to the sensitization to its stimulant effects [12, 14, 15, 20] , which is a feature related to the drugs' addictive properties [27] , and can be explained by the induction of adaptational changes in dopamine (DA) neurotransmission, such as changes in the DAT activity, or changes in density of D 1 -and D 2 -DA receptors [28] [29] [30] .
It is established that S( +)-3,4-MDPV enantiomer is a primary contributor to the action of the drug. At the molecular level, S( +)-3,4-MDPV inhibits DA and norepinephrine (NE) re-uptake with a greater potency than (±)-3,4-MDPV and R(−)-3,4-MDPV. S(+)-3,4-MDPV also exhibits more pronounced reinforcing properties than R(−)-3,4-MDPV or the racemate, as it substitutes for cocaine with a greater potency, and is able to lower threshold of the intracranial self-stimulation (ICSS), while R(−)-3,4-MDPV has no effect on the ICSS. Similarly, locomotor stimulation was observed after a treatment with S(+)-3,4-MDPV and with the racemate with a lower potency, but not with R(−)-3,4-MDPV [31, 32] .
To obtain new derivatives, thus circumventing legal regulations, the structure of 3,4-MDPV has been subjected to numerous modifications. Therefore, several studies have been conducted to assess the influence of various structural modifications, such as changes in the side chain length and substitution of the phenyl ring, on the potency of the drug; these experiments are typically based on in vivo behavioral measures of psychomotor stimulation, as well as in vitro assays measuring affinity for monoamine transporters and the ability to inhibit the re-uptake of neurotransmitters [2, 10, 18, [33] [34] [35] [36] . Although several comparative studies of 3,4-MDPV and its analogs have been conducted in the field of molecular pharmacology [2, 33, 35] , there is a paucity of such experimental work concerning behavioral effects. Existing behavioral studies directly compare 3,4-MDPV to its most prominent α-pyrrolidinophenone derivative, i.e., α-pyrrolidinovalerophenone (α-PVP) or analogs obtained by a truncation of the α-PVP side chain: α-pyrrolidinobutiophenone (α-PBP) and α-pyrrolidinopropiophenone (α-PPP) [10, 18, 21] . No previous study has yet compared the behavioral effects of 3,4-MDPV with those of other phenyl ring-substituted α-pyrrolidinopentiophenones.
Despite the well-established difference in potency between 3,4-MDPV enantiomers, little is known about its positional isomer, i.e., 2,3-MDPV, in which the methylenedioxy group is moved into a different position of the phenyl ring. Therefore, the aim of this study was to assess and compare the in vivo properties of 3,4-MDPV, 2,3-MDPV along with a methyl-substituted α-pyrrolidinopentiophenone, pyrovalerone, in C57BL/6J mice. Changes in the spontaneous locomotor activity were measured as an indicator of psychostimulant activity. The mechanism of the drugs' action was assessed by measuring changes of the extracellular levels of two major monoamine neurotransmitters: DA and serotonin (5-HT). In addition, an antagonist study was performed, in which a selective antagonist of D 1 -DA receptors, SCH 23390, was used to abolish locomotor stimulation induced by the tested pyrrolidinophenones.
Materials and methods

Reagents
were obtained in the form of their monohydrochloride salts from Cayman Chemical (Ann Arbor, MI, USA). Isotonic saline solution for injections (0.9% NaCl) was purchased from Polska Grupa Farmaceutyczna (Łódź, Poland). D 1 -DA receptor antagonist SCH 23390 [SCH, 8-chloro-2,3,4,5-tetrahydro-3-methyl-5R-phenyl-1H-3-benzazepin-7-ol] was purchased from Sigma-Aldrich (Poznań, Poland). Ketamine hydrochloride and xylazine were purchased from Biowet (Puławy, Poland). The chemicals used for the high-performance liquid chromatography (HPLC) were obtained from Merck (Warsaw, Poland).
Animals
All housing conditions and experimental procedures were performed in accordance with the European Union guidelines regarding the care and use of laboratory animals [European Communities Council Directive of September 2010 (2010/63/EU)]. In all experiments, mice between 9 and 12 weeks of age were used. The animals were housed four per cage, with an automatic 12-h light/12-h dark cycle (lights on at 6:00 a.m.) and a free access to drinking water and standard food pellets. All experiments were performed during the light phase (approximately 8:00-14:00). In all experimental procedures, each animal was used only once and was naïve to treatment with the tested drug.
Locomotor activity
Experiments were performed as previously described [36] . Briefly, spontaneous locomotor activity was measured using the Opto-Varimex Auto-Track open field locomotor activity measuring hardware (model 0271-002M, Columbus Instruments, Columbus, OH, USA) consisting of four chambers (20.3 × 20.3 × 20.3 cm), each equipped with two sets of 16 infrared beams and corresponding detectors, spaced by 1.3 cm, located on the X and Y horizontal axes on each of two planes. Measurement of horizontal locomotor activity was based on the count of beam breaks on the bottom plane, while the number of beam breaks on the upper layer was used to assess vertical locomotor activity (rearing and jumping). Experimental sessions lasted for 120 min and were conducted in a sound-attenuated room with a dim red light (invisible for rodents) from above. For assessment of psychostimulant effects of pyrovalerone (1, 3, 10 mg/ kg), 2,3-MDPV (1, 3, 10 mg/kg) and 3,4-MDPV (0.3, 1, 3 mg/kg), animals were divided into groups of eight randomly assigned mice each. Each compound was tested in three doses using independent groups, and compared to a shared control group. Drug solutions prepared in 0.9% NaCl or 0.9% NaCl solution for the control group were injected subcutaneously in a volume of 0.1 mL/10 g of body mass immediately before the start of the experiment. For the study examining an involvement of D 1 -DA receptors in the psychostimulatory effects of the drugs, animals were divided into groups consisting of eight randomly assigned mice for drug-treated groups and of 11 randomly assigned mice for one shared control group. In this part of the study, each animal obtained one injection of the tested compound (each at 3 mg/kg) 30 min after pre-treatment with either saline or SCH 23390 (60 µg/kg) and placed immediately in the apparatus. Dose of α-pyrrolidinophenones in the antagonist study was selected based on the results from the first experiment, as 3 mg/kg was the lowest dose producing a statistically significant increase in horizontal locomotor activity for all drugs. Control group obtained two injections of saline, 30 min apart.
Brain microdialysis
Experiments were conducted as previously described [36] .
Surgery and microdialysis procedure
Animals were divided into groups consisting of six or seven randomly assigned mice. Vertical microdialysis probes with a 2-mm-long active site (MAB 10.8.2.Cu; AgnTho's, Lindigö, Sweden) were implanted into the striatum using the following coordinates: AP + 1.0, L + 1.8, V − 3.8 [37] , during ketamine (7.5 mg/kg) + xylazine (1 mg/kg) anesthesia. On the next day, probe inlets were connected to a syringe pump (BAS, West Lafayette, IN, USA) delivering artificial cerebrospinal fluid composed of NaCl 147, KCl 2.7, MgCl 2 1.0, CaCl 2 1.2 (mM), pH 7.4, at a flow rate of 1.5 µL/min. After 1 h of washout, three basal dialysate samples were collected every 20 min. Subsequently, animals were subjected to injection of pyrovalerone (3 mg/kg, 10 mg/kg), 2,3-MDPV (3 mg/kg, 10 mg/kg) or 3,4-MDPV (3 mg/kg, 10 mg/kg) and 0.9% NaCl solution for the control group and collection of samples was continued for 180 min. After completion of dialysate collection, animals were sacrificed by cervical dislocation and their brains were isolated for histological verification of accuracy of the probe placement.
Analytical procedure of samples
DA and 5-HT contents in the dialysate fractions were analyzed by HPLC with electrochemical detection. Chromatography was performed using an Ultimate 3000 System (Dionex, Sunnyvale, CA, USA), a Coulochem III electrochemical detector (model 5300; ESA, Chelmsford, MA, USA) with a 5020 guard cell, a 5014B microdialysis cell and a Hypersil Gold-C18 analytical column (3 × 100 mm; Thermo Scientific, Waltham, MA, USA). The mobile phase was composed of 0.1 M potassium phosphate buffer adjusted to pH 3.6, 0.5 mM EDTA, 16 mg/L 1-octanesulfonic acid sodium salt and 2% methanol. The flow rate during analysis was set at 0.7 mL/min. The applied potential of a guard cell was + 600 mV, while those of the microdialysis cells were E1 = − 50 mV and E2 = + 300 mV with a sensitivity set at 50 nA/V. The chromatographic data were processed by Chromeleon v. 6.80 (Dionex) software, run on a personal computer. 
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Data analysis
Statistical analysis was performed using GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA). Locomotor activity was expressed as the distance traveled (cm) and the number of rearings within 10-min time bins. DA and 5-HT levels are expressed as percent of the basal level assumed as 100% within 20-min time bins. For time-response curves, statistical significance was determined using a two-way repeated-measures analysis of variance (treatment, time after injection), followed by Tukey's post hoc test. Additionally, total effects, expressed as the total distance covered and the total number of rearings during 120 min of locomotor activity assessment and the area under the curve (AUC) after 180 min for extracellular monoamine levels were analyzed using one-way ANOVA followed by Tukey's post hoc test. Results were considered statistically significant when p < 0.05.
Results
Spontaneous locomotor activities
Pyrovalerone, 3,4-MDPV and 2,3-MDPV caused significant dose-and time-dependent increase of both horizontal and vertical spontaneous locomotor activities in mice (Figs. 1, 2, 3).
After treatment with pyrovalerone, spontaneous horizontal locomotor activity was significantly affected by treatment [F(3, 28) = 63.2; p < 0.0001], time [F(11, 308) = 44; p < 0.0001] and interaction between treatment and time [F(33, 308) = 3.68; p < 0.0001]. Significant elevation of locomotor activity against control group was observed 0-30 and 40-60 min post-injection (1 mg/kg); 0-70 and 80-90 min post-injection (3 mg/kg), and in every 10-min bin through 120 min from the beginning after the highest dose of 10 mg/kg. All doses of pyrovalerone significantly elevated the total distance covered during 120 min; the effects of the 10 mg/kg dose were significantly stronger compared to both 1 mg/kg and 3 mg/kg. Vertical locomotor activity was significantly affected by treatment [F(3, 28) = 25.4; p < 0.0001] and time [F(11, 308) = 2.51; p = 0.0049], but not the interaction between treatment and time [F(33, 308) = 0.992; p = 0.4845]. The groups treated with 3 mg/kg (90-100 min post-injection) and 10 mg/kg (0-120 min post-injection) of pyrovalerone demonstrated a significantly higher rearing behavior count than the control group. The total number of rearings during 120 min was significantly elevated only after treatment with the highest tested dose (10 mg/kg) of pyrovalerone. The groups treated with 1 mg/kg and 3 mg/kg of pyrovalerone also displayed significantly lower vertical locomotor activity than the 10 mg/kg group (Fig. 1) .
Two-way ANOVA revealed that in groups of mice treated with 3,4-MDPV, horizontal locomotor activity was significantly influenced by treatment [F(3, 28) = 20.9; p < 0.0001], time [F(11, 308) = 20.7; p < 0.0001] and interaction between treatment and time [F(33, 308) = 5.28; p < 0.0001]. The lowest dose of 3,4-MDPV (0.3 mg/kg) caused elevation of locomotor activity only during 40-50 min post-injection. However, the effects of higher doses were of a markedly longer duration: locomotor activity of mice was significantly increased during 10-120 min period after 1 mg/kg and through the entire session (0-120 min) after 3 mg/kg. The total distance traveled during 120 min was significantly higher in 1 and 3 mg/kg groups compared to both the control and 0.3 mg/kg group. Vertical locomotor activity after administration of 3,4-MDPV was significantly affected by treatment [F(3, 28) = 5.00; p = 0.0067] and interaction between treatment and time [F(33, 308) = 2.20; p = 0.0003], but not by time itself [F(11, 308) = 1.53; p = 0.1182]. The groups treated with 3,4-MDPV at 1 mg/kg (60-70 and 90-100 min post-injection) and 3 mg/kg (10-20 and 50-120 min post-injection) demonstrated significantly greater rearings than the control group. The total count of the rearing behavior vs. the control group was significantly increased only after 3 mg/kg dose of 3,4-MDPV and there were no significant differences between groups treated with various doses of 3,4-MDPV (Fig. 2) .
In mice treated with 2,3-MDPV, spontaneous horizontal locomotor activity was significantly affected by treatment [F(3, 28) = 23.0; p < 0.0001] and time [F(11, 308) = 22.9; p < 0.0001], but not interaction between treatment and time [F(33, 308) = 1.25; p = 0.172]. After treatment with 3 mg/ kg of 2,3-MDPV horizontal locomotor activity was significantly elevated during the 0-90 min post-injection period, while treatment with 10 mg/kg caused a significant increase observed in every 10-min bin during the full 120 min of the experimental session. The significantly greater distance was covered during 120 min after treatment with 3 mg/kg and 10 mg/kg of 2,3-MDPV compared to controls. The highest dose, i.e., 10 mg/kg, produced effects significantly stronger than 1 mg/kg and 3 mg/kg. 2,3-MDPV also produced marked effects on vertical locomotor activity with treatment [F(3, 28) = 10.6; p < 0.0001] and interaction between treatment and time [F(33, 308) = 2.02; p = 0.0012] being significant factors, but not time itself [F(11, 308) = 1.51; p = 0.127]. 2,3-MDPV did not cause a significant increase of the rearing behavior in any 10-min time bin at 1 mg/kg and 3 mg/kg, 
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while at 10 mg/kg the difference was statistically significant in every time bin during 120 min. Also the total number of rearings during the full experiment was significantly higher compared to the control group only after treatment with 10 mg/kg, and the rearing behavior was significantly more pronounced in the 10 mg/kg group compared to two lower doses ( Fig. 3 ).
Effects of blockade of D 1 -DA receptors on the action of pyrovalerone, 3,4-MDPV and 2,3-MDPV on the spontaneous locomotor activity of mice
Pre-treatment with SCH 23390, a selective D 1 -DA receptor antagonist, 30 min before treatment with either of the tested α-pyrrolidinophenones resulted in the entire abolition of any drug-induced increase of horizontal spontaneous locomotor activity in mice ( Fig. 4) .
In groups treated with pyrovalerone (3 mg/kg) after pretreatment with either saline or SCH 23390 (0.06 mg/kg), spontaneous horizontal locomotor activity was affected by treatment [F(2, 24) = 23.2; p < 0.0001], time [F(11, 264) = 23.1; p < 0.0001], and interaction between treatment and time [F(22, 264) = 8.13; p < 0.0001]. The distance traveled by mice pre-treated with SCH 23390 was never significantly higher compared to controls. In fact, it was significantly lower than in mice treated with saline and pyrovalerone through the entire period of pyrovaleroneinduced hyperactivity (0-80 min post-injection). The total distance traveled by mice pre-treated with SCH 23390 during 120 min was not significantly higher compared to the control animals. On the other hand, it was significantly lower than that covered by mice treated with pyrovalerone after saline pre-treatment ( Fig. 4a, b) .
When mice received 3,4-MDPV (3 mg/kg) after pre-treatment with either saline or SCH 23390 (0.06 mg/kg) horizontal locomotor activity was significantly affected by treatment [F(2, 24) = 17.6; p < 0.0001], time [F(11, 264) = 24.8; p < 0.0001] and interaction between treatment and time [F(22, 264) = 4.98; p < 0.0001]. The distance covered by SCH 23390 pre-treated animals was significantly lower than in mice injected with saline and 3,4-MDPV for the major part of 3,4-MDPV action (0-100 min post-injection period). The total distance traveled during 120 min was significantly lower in mice treated with SCH 23390 and 3,4-MDPV compared to saline and 3,4-MDPV group, but there was no difference against the control group (Fig. 4c, d) .
In mice treated with either saline or SCH 23390 (0.06 mg/ kg), followed by the administration of 2,3-MDPV (3 mg/ kg), horizontal locomotor activity was significantly affected by treatment [F(2, 24) = 13.6; p = 0.0001] and time [F(11, 264) = 16.6; p < 0.0001], but not interaction between treatment and time [F(22, 264) = 1.30; p = 0.170]. The distance traveled by mice treated with SCH 23390 and 2,3-MDPV was significantly lower than in the group treated with saline and 2,3-MDPV during the entire period of 2,3-MDPVinduced hyperactivity (0-90 and 100-110 min post-injection). The total distance traveled by mice treated with saline and 2,3-MDPV was significantly higher compared to the control and SCH 23390 and 2,3-MDPV groups, between which there was no significant difference ( Fig. 4e, f ). In contrast, a higher pyrovalerone dose, 10 mg/kg, induced a pronounced increase of extracellular 5-HT levels, with a maximal effect of approximately 280% of the basal level, observed 60 min post-injection. Extracellular 5-HT levels were found to be significantly higher than those of control animals and mice treated with the lower dose (3 mg/kg) at every time point during the full 180 min of the experimental session (Fig. 5b) . Additionally, analysis of the total effects of 
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pyrovalerone measured as the area under the curve (AUC) revealed that extracellular levels of both DA and 5-HT were significantly increased compared to controls only after the dose of 10 mg/kg, and significant differences in extracellular levels of both monoamines were observed between groups treated with different doses of pyrovalerone (Fig. 5g, h) . ; p < 0.0001]. Both doses of 3,4-MDPV produced a significant increase of extracellular 5-HT levels in the mouse striatum observed for 180 min. Also, during the full 180 min of the experiment, 5-HT levels were significantly higher in the group treated with 3,4-MDPV at the dose of 10 mg/kg compared to 3 mg/kg. Maximal effects were approximately 210% of the basal level observed at 60 min post-injection for 3 mg/ kg and approximately 380% of the basal level at 40 min post-injection for 10 mg/kg (Fig. 5d ). Additionally, analysis of the total effects of 3,4-MDPV measured as the AUC revealed that extracellular levels of both DA and 5-HT were significantly increased compared to the control group after treatment with 3,4-MDPV at both 3 mg/kg and 10 mg/kg. Moreover, extracellular levels of both monoamines were significantly higher in mice treated with the dose of 10 mg/kg compared to 3 mg/kg (Fig. 5g, h) .
After treatment with 2,3-MDPV at 3 mg/kg and 10 mg/ kg, extracellular levels of DA were significantly affected by treatment [F(2, 15) = 178; p < 0.0001], time [F(8, 120) = 79.9; p < 0.0001] and interaction between treatment and time [F(16, 120) = 27.3; p < 0.0001]. In animals treated with 3 mg/kg of 2,3-MDPV, extracellular levels of DA were significantly elevated during 140 min post-injection, with a maximal effect of approximately 340% of the basal level at 40 min post-injection. In animals treated with 10 mg/ kg of 2,3-MDPV, extracellular levels of DA were significantly elevated also for 140 min compared to the control group, but they were also significantly higher than those observed in mice treated with 3 mg/kg during the first 60 min of the experiment. A maximal effect of 2,3-MDPV at 10 mg/kg reached approximately 510% of the basal level and was observed at 40 min post-injection (Fig. 5e ). Extracellular levels of 5-HT after treatment with 2,3-MDPV at 3 mg/kg and 10 mg/kg were significantly affected by treatment [F(2, 16) = 532; p < 0.0001], time [F(8, 128) = 32.8; p < 0.0001] and interaction between treatment and time [F(16, 128) = 8.71; p < 0.0001]. In animals treated with 3 mg/kg of 2,3-MDPV, extracellular levels of 5-HT were significantly elevated for 160 min post-injection, reaching a maximal effect of approximately 240% of the basal level at 100 min post-injection. In animals treated with 10 mg/ kg of 2,3-MDPV, extracellular levels of 5-HT were significantly increased compared to the control group for 180 min post-injection, reaching a maximal effect of approximately 380% of the basal level at 100 min post-injection. Moreover, extracellular levels of 5-HT were significantly higher in the group treated with 10 mg/kg of 2,3-MDPV than those treated with 3 mg/kg during the whole 180-min experimental session (Fig. 5f) . Additionally, analysis of the total effects of 2,3-MDPV measured as the AUC revealed that extracellular levels of both monoamines were significantly higher than in controls after treatment with both doses (3 mg/kg and 10 mg/kg). Moreover, extracellular levels of both DA and 5-HT were significantly higher in mice treated with the high dose of 2,3-MDPV (10 mg/kg) compared to the low dose (3 mg/kg) ( Fig. 5g, h ).
Discussion
The current study demonstrates that 2,3-MDPV, the positional isomer of 3,4-MDPV, evokes locomotor stimulation similar to the parent compound, but with a lower potency. Comparison of locomotor effects after administration of 3,4-MDPV, 2,3-MDPV and pyrovalerone at 3 mg/kg showed that the increase of horizontal locomotor activity, presented as the total distance covered during 120 min, was significantly less pronounced after 2,3-MDPV compared to 3,4-MDPV. The magnitude of 2,3-MDPV action did not markedly differ from that of pyrovalerone (Fig. 6a ). Furthermore, only 3,4-MDPV used at 3 mg/kg elevated vertical locomotor activity (rearing) during the entire 120 min of analysis, which Fig. 3 Spontaneous locomotor activity of mice after treatment with 2,3-MDPV (1, 3, 10 mg/kg). Average horizontal (a-c) and vertical (e-g) activities in 10-min bins. d Total distance traveled during 120 min. h Total rearing counts during 120 min. Data presented as mean ± standard error of the mean (SEM) (n = 8). ***p < 0.001; **p < 0.01; *p < 0.05 vs. control; ### p < 0.001; ## p < 0.01 vs. 2,3-MDPV 10 mg/kg ◂ indicates its stronger psychostimulant effect in comparison with 2,3-MDPV and pyrovalerone (Fig. 6b ). The results of behavioral studies are in line with those of the microdialysis experiments demonstrating that the increase of extracellular DA levels, expressed as the AUC for 180 min, elicited by 3,4-MDPV is significantly more pronounced than these induced by 2,3-MDPV and pyrovalerone at 10 mg/kg, and more pronounced than the effect of pyrovalerone used at the 3 mg/kg dose (Fig. 6c ). The observation that both the cumulative locomotor stimulation and increase of extracellular DA levels in the mouse striatum are significantly higher for 3,4-MDPV than for the other two tested pyrovalerones could be explained by a more long-lasting action of this compound. In fact, in animals treated with the 3 mg/kg dose constant, significant locomotor stimulation lasted for the full 120 min of recording after 3,4-MDPV administration, while in the case of 2,3-MDPV and pyrovalerone for 90 min and 70 min, respectively. These observations are reflected in the microdialysis study in which significantly elevated extracellular DA levels after 3,4-MDPV at the higher dose (10 mg/ kg) lasted for 40 min and 100 min longer, compared to 2,3-MDPV and pyrovalerone, respectively. Our results are in line with previous findings demonstrating that psychostimulant effects of 3,4-MDPV are long-lasting. This can be seen in molecular studies, as the blockade of DA re-uptake was more persistent after 3,4-MDPV than in the case of cocaine, a model stimulant [29] , and in animal models, where locomotor stimulation induced by 3,4-MDPV had a longer duration compared to cocaine and methamphetamine [17] .
The present study shows that 3,4-MDPV, 2,3-MDPV and pyrovalerone are able to elicit stimulation of serotoninergic neurotransmission in vivo; this is consistent with our previous findings demonstrating a significant increase of extracellular 5-HT levels in the mouse striatum after treatment with three α-pyrrolidinophenones structurally similar to 3,4-MDPV, namely α-PVP, PV8 and PV9 [36] . This observation can be explained by a functional cross-talk between dopaminergic and serotoninergic neurotransmission as described by Larsen et al. [38] , and further supported by the fact that methamphetamine, another compound with great DAT selectivity over SERT in vitro, is also capable of increasing extracellular 5-HT level in vivo [39] . Interestingly, at the high tested dose the AUC for extracellular 5-HT levels was significantly higher after treatment with 2,3-MDPV compared to 3,4-MDPV. Furthermore, during 80-120 min postinjection 5-HT levels were markedly higher in mice treated with 3 mg/kg of 2,3-MDPV than in animals injected with the same dose of 3,4-MDPV (Fig. 6d, f) . The observed difference in the psychostimulant activity between 3,4-MDPV and 2,3-MDPV could be explained by both the difference in their ability to inhibit DAT in vivo, duration of this action and distinct effects on the serotoninergic neurotransmission, as seen in microdialysis experiments. At present there are no data available on the affinity of 2,3-MDPV and its ability to inhibit DAT and SERT. Therefore, it is impossible to determine whether the difference in the potency of 3,4-MDPV and 2,3-MDPV to increase extracellular DA levels in vivo results from different potencies at their pharmacological target or is determined by other factors, as for example, distinct pharmacokinetic properties affecting blood-brain barrier permeability. The latter hypothesis seems reasonable, since in our previous work [36] we demonstrated that α-PVP at 10 mg/kg produced significantly greater increase of horizontal locomotor activity and evoked more pronounced increase of extracellular DA levels in the mouse striatum than its derivative with an elongated α-side chain, PV8 (10 mg/kg), while both compounds have similar affinities and potencies to inhibit DAT and SERT based on their in vitro evaluation using binding and uptake assays [33] . Similarly, we report a significantly higher ability of 3,4-MDPV to increase horizontal locomotor activity and extracellular DA levels in the mouse striatum than pyrovalerone, while both compounds had been reported to have similar IC 50 for blocking DAT (0.05 µM for 3,4-MDPV and 0.07 µM for pyrovalerone), and pyrovalerone was found to have DAT/SERT inhibition ratio 1.7 higher than 3,4-MDPV [2] . Additionally, we demonstrate that 2,3-MDPV is endowed with more pronounced serotoninergic effect than 3,4-MDPV. This observation is relevant because it is known that the ability to enhance 5-HT neurotransmission is negatively correlated with the psychostimulant potency, and shifts the drug's properties into a more empathogenic, MDMA-like type. During 80-120 min post-injection DA levels in groups treated with 3 mg/kg of 3,4-MDPV and 2,3-MDPV did not differ significantly, while the group treated with 2,3-MDPV had significantly higher 5-HT levels, which reached its peak at 100 min postinjection ( Fig. 6e, f) . This finding may serve as a possible explanation for the difference in the duration of increased horizontal locomotor activity. In the case of 3,4-MDPV it remained significant through 120 min of experiment, while in the case of 2,3-MDPV a decrease of the locomotor activity to the insignificant levels was observed after 90 min postinjection, which paralleled the increase of extracellular 5-HT levels in the striatum, supporting the inhibitory effects of serotoninergic neurotransmission on the spontaneous locomotor activity. Further research at the molecular level is needed to decisively explain the cause of the difference in pharmacological properties of 2,3-MDPV and 3,4-MDPV.
It appears likely that the increase of extracellular 5-HT levels in the mouse striatum is a secondary phenomenon to changes in DA concentration. Thus, in animals treated with 2,3-MDPV and pyrovalerone, peaks of 5-HT concentrations were detected after the maximum levels of DA, and at the same time point after 3,4-MDPV at 10 mg/kg. In all cases, apart from 3,4-MDPV at 10 mg/kg, where both monoamines were significantly elevated through the entire course of analysis, increased 5-HT levels are detected for a longer duration than these of DA. This observation further supports the secondary character of DA-5-HT cross-talk, as increased 5-HT levels were observed even when concentration of the compounds dropped below the threshold for DAT inhibition. 
5-HT
The psychostimulant effects of pyrovalerone, 3,4-MDPV and 2,3-MDPV are mediated by stimulation of D 1 -DA receptors; this was demonstrated by the full abolition of the increase of horizontal locomotor activity elicited by the tested drugs (3 mg/kg) by the selective D 1 antagonist, SCH 23390 (0.06 mg/kg). These observations are in line with expectations based on results from previous studies, where behavioral effects of other synthetic cathinones (mephedrone [27] , methcathinone and 3-fluoromethcathinone [40] , and α-pyrrolidinophenones, such as 3,4-MDPV [21] and α-PVP [36] ) were examined. The dose of 0.06 mg/kg SCH 23390 was based on our previous experience, where it was reported not to decrease by itself the basal locomotor activity of C57BL/6J mice [40] , and fits in the broad range of doses used in experiments on rodents, from 0.03 mg/kg [21] to 0.5 mg/kg [27] .
To our knowledge, this is the first study to compare the behavioral and neurochemical effects of 3,4-MDPV and 2,3-MDPV, along with pyrovalerone. Despite the fact that 3,4-MDPV is considered as the precursor and model drug of α-pyrrolidinophenones, there is a very limited number of studies comparing its effects to other members of the group, and these mainly concern α-PVP [10, 18, 21] . However, results of these studies are not uniform. For instance, Giannotti et al. [18] report that 3,4-MDPV has a stronger action than α-PVP on the spontaneous and forced locomotor activities in mice across all tested doses, which can be explained by the higher potency of 3,4-MDPV at inhibiting DAT [21] . Similarly, in the quoted study the locomotor stimulation produced by 3,4-MDPV was greater than those elicited by α-PVP, α-PBP and α-PPP [21] , which is paralleled with the differences of the listed compounds in their potency to inhibit DAT. These results correspond to our present findings, where 3,4-MDPV was a more potent psychostimulant than 2,3-MDPV and pyrovalerone, indicated by the fact that it elicited the most pronounced increase of extracellular DA levels in the striatum. Additionally, our previous study examining the locomotor response of mice recorded a visible increase of horizontal locomotor activity only during 90 min post-injection following a dose of 3 mg/kg α-PVP [36] , which is shorter than that observed for the same dose of 3,4-MDPV in the present study (120 min). Taken together, it seems that the high popularity and prevalence of 3,4-MDPV within the α-pyrrolidinophenones group might be attributed to its very potent pharmacological action. However, 3,4-MDPV and α-PVP demonstrated similar effects and duration of action on locomotor response in rats, and peak effects occurred after the same dose of both compounds [10] .
Conclusions
The current study shows that 2,3-MDPV, the positional isomer of 3,4-MDPV, and pyrovalerone, are endowed with psychostimulant properties, indicated by the increase of the spontaneous locomotor activity in mice and the elevation in the extracellular level of DA in the mouse striatum. As in the case of 3,4-MDPV and other synthetic cathinones, the 2,3-MDPVand pyrovalerone-induced locomotor activity is blocked by the selective D 1 antagonist SCH 23390, indicating that it is mediated by enhanced dopaminergic neurotransmission via D 1 -DA receptors. The psychostimulant potency of 2,3-MDPV is significantly lower than of its parent compound 3,4-MDPV, but at a similar level to pyrovalerone, in which the 3,4-methylenedioxy group is substituted with the 4-methyl-group. This observation highlights that the methylenedioxy group and its position within the phenyl ring plays a crucial role in the dopaminergic potency of α-pyrrolidinophenones, besides the length of α-side chain, which was previously reported to be the major factor contributing to the potency of α-pyrrolidinophenones both in vitro and in animal models [35, 36] . Additionally, the current study demonstrates that in contrast to the similar potency to inhibit DA uptake [2] , 3,4-MDPV and pyrovalerone markedly differ in their potency to increase extracellular DA levels in the mouse striatum and to increase spontaneous locomotor activity. Furthermore, the increase of extracellular 5-HT levels in the mouse striatum elicited by 3,4-MDPV and its analogs despite very high DAT/SERT inhibition ratio and negligible affinity toward SERT in in vitro assays [2, 33] , supports the important role of DA-5-HT cross-talk in vivo. These observations point to the importance of in vivo studies, which are indispensable in the assessment of pharmacological properties of drugs of abuse as, in addition to pharmacodynamics, they cover pharmacokinetics which can be overseen when drugs are screened only using in vitro binding/uptake assays. 
